Branching enzyme catalyzes the formation of ␣-1,6 branch points in either glycogen or starch. We report the 2.3-Å crystal structure of glycogen branching enzyme from Escherichia coli. The enzyme consists of three major domains, an NH 2 -terminal seven-stranded ␤-sandwich domain, a COOH-terminal domain, and a central ␣/␤-barrel domain containing the enzyme active site. While the central domain is similar to that of all the other amylase family enzymes, branching enzyme shares the structure of all three domains only with isoamylase. Oligosaccharide binding was modeled for branching enzyme using the enzyme-oligosaccharide complex structures of various ␣-amylases and cyclodextrin glucanotransferase and residues were implicated in oligosaccharide binding. While most of the oligosaccharides modeled well in the branching enzyme structure, an approximate 50°rotation between two of the glucose units was required to avoid steric clashes with Trp 298 of branching enzyme. A similar rotation was observed in the mammalian ␣-amylase structure caused by an equivalent tryptophan residue in this structure. It appears that there are two binding modes for oligosaccharides in these structures depending on the identity and location of this aromatic residue.
determination of the structure of starch in plants and of glycogen in animals and bacteria as it catalyzes the formation of the ␣-1,6 branch points in these polysaccharides. This is achieved by cleavage of the ␣-1,4 glucosidic linkage, yielding a nonreducing end oligosaccharide chain, and subsequent attachment of the oligosaccharide to the ␣-1,6 position. This branching increases the number of non-reducing ends, thus making glycogen more reactive to synthesis and digestion, and is also essential for assuring its solubility in the cell. Accumulation of insoluble glycogen in the cell is known as glycogen storage disease type IV (GSD IV) and is caused by mutations in the gene of BE (1, 2) . These mutations result in an impaired enzyme, preventing the formation of the branch points in glycogen and producing an insoluble polymer. GSD IV in its different forms affects the liver, muscular tissue, and/or the central and peripheral nervous system. BE belongs to the ␣-amylase family of enzymes (3, 4) . Members of this group include ␣-amylases, pullulanase/isoamylase, cyclodextrin glucanotransferase (CGT), and branching enzymes. X-ray structures of ␣-amylases, isoamylase, and CGTs show that these enzymes have a common (␣/␤) barrel domain that contain the enzyme's catalytic center (5) (6) (7) (8) (9) . Based on biochemical data and x-ray structures of apo-and substratebound ␣-amylase and CGT, the catalytic center of these enzymes have been localized to the residues Tyr 300 (10, 11) . These residues are conserved among members of this family and BE from various organisms ( Fig. 1) (12) (13) (14) . In an attempt to understand the catalytic relevance of these conserved residues, studies have been performed on maize endosperm BE I and BE II and E. coli BE by using site-directed mutagenesis and chemical modification. These studies revealed that Tyr 300 (15) (16) (17) (18) (19) (20) .
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The terminal domain is involved in determining the size of the chain transferred. This study also established the importance of the amino and carboxyl termini, indicating that the catalytic capacity of BE is not limited to the central (␣/␤) barrel domain. The unique feature of the action of the branching enzyme lies in its specificity for the length of the glucan chain transferred. Glycogen branching enzyme from E. coli has a preference for transferring shorter chains between 5 and 16 glucose units (22) . On the other hand, maize branching enzyme isoenzyme I has a higher propensity for transferring longer glucose chains up to 30 glucose units with a predominant number of 10 to 13 glucose units long (21) (22) (23) . Maize branching enzyme II predominantly transfers glucose chains of 6 to 7 glucose units long (21) (22) (23) .
To gain insight into the structure, mechanism, and specificity of BE, we have determined the structure of E. coli BE lacking its first 113 amino acids (N113BE). Unsuccessful attempts to crystallize the full-length enzyme directed us toward the use of limited proteolysis to identify a more compact and stable form of the enzyme that would be successful in crystallization (24) . Branching enzyme from E. coli was subjected to several proteases with a range of specificities. Almost all proteases displayed similar digestion patterns producing a 71.6-kDa fragment (24) . BE lacking the first 112 residues at the amino terminus (N113BE) was analyzed and its properties compared with the full-length enzyme. Despite the fact that N113BE was only 60% active, its substrate preference and K m value were similar to the full-length enzyme. N113BE presents an altered branching pattern with a higher affinity for longer chains of 12 glucose units or more (25) . We have determined the x-ray crystal structure of BE from E. coli truncated at amino acid 112. This is the first three-dimensional structure of BE.
EXPERIMENTAL PROCEDURES
Crystallization-The recombinant native and selenium-Met-substituted N113BE enzyme were overexpressed in E. coli and purified as described (22, 25) . Protein homogeneity was verified by SDS-PAGE, and the enzyme activity was determined using three different assays (23, 26) . The purified protein was buffer exchanged in 25 mM Na-Hepes, pH 7.5, and concentrated to ϳ5 mg/ml. The crystals formed at 277 K from a solution containing 100 mM Na-Hepes at a pH of 7.20 following the hanging drop vapor diffusion method (27) . The crystals first appear after 2 weeks and reach maximum size (0.3 ϫ 0.1 ϫ 0.1 mm) in 4 weeks.
Structure Solution and Refinement-The crystals were transferred to a cryoprotectant solution containing 25% (v/v) MPD, 2% (m/v) polyethylene glycol 4000, and 100 mM Na-Hepes, pH 7.5. The crystals were then mounted and quickly frozen by immersion in liquid nitrogen. A high resolution native data set was collected to a resolution of 2.3 Å at the Structural Biology Center, ID19 at the Advance Photon Source using a single crystal. Diffraction data were indexed and integrated using DENZO and scaled using SCALEPACK (28) .
The branching enzyme crystals belong to the P2 1 space group with unit cell parameters a ϭ 91.44, b ϭ 102.58, c ϭ 185.41 Å, and ␤ ϭ 91.38 o . Crystal parameters are listed in Table I . Data were 99.6% complete for 152,002 unique reflections derived from a total of 499,161 reflections. Detailed data collection statistics are found in Table II .
Selenium-Met-substituted protein was crystallized and cryoprotected in the same conditions as the native crystals, and a single wavelength anomalous dispersion (SAD) experiment was performed at the selenium absorption edge. Anomalous data to a resolution of 2.5 Å were collected in a single element 165-mm MAR CCD detector at beamline ID17 in the facilities of the Industrial Macromolecular Crystallography Association Collaborative Access Team (IMCA-CAT) at the Advance Photon Source (Table II) .
In addition to the SAD data an isomorphous replacement experiment FIG. 1. Conserved catalytic residues in the ␣-amylase family of enzymes. The residues enclosed by the boxes are involved in substrate binding, and the shaded residues are involved in catalysis. The labels in the sequence alignment are as follows: E. coli for E. coli BE, human for Homo sapiens BE, mBEI and mBEII maize endosperm BE I and II, respectively, isoa is isoamylase from Pseudomonas amyloderamosa, and ␣-Asp and ␣-Por are ␣-amylase from A. oryzae and porcine pancreas, respectively, and CGT is cyclodextrin glucanotransferase from B. circulans. (Table II) . CuK ␣ radiation was generated by a Rigaku RU-200 rotating anode source operating at 50 kV and 90 mA.
The automated heavy atom search routines implemented in the program SOLVE were used to find the four mercury and 27 initial selenium positions (29) . The program SHARP was used both to refine these sites and to find a total of 61 selenium sites by iterative difference Fourier analysis. SHARP was also used to calculate an initial set of phases and an initial electron density map (30) . A table of the phasing power versus resolution for the mercury derivative and the selenium SAD data set are presented in Table III .
An improved electron density map was calculated with the aid of 4-fold non-crystallographic symmetry averaging using the DPHASES program package graciously provided by the author (Dr. Greg Van Dyne, University of Pennsylvania). All model building was done using TURBO FRODO and refinement and map calculations were carried out using CNS (Table IV) (31) .
Once the BE structure was traced, it was subjected to multiple rounds of structure refinement using CNS. Refinement was followed by the addition of water molecules and resolution extension to 2.3 Å. The final refinement parameters are listed in Table IV and show very good stereochemistry for a structure at this resolution.
RESULTS AND DISCUSSION
Overall Structure-The four molecules in the BE asymmetric unit consist of 19,323 non-hydrogen atoms and 1,142 water molecules. Each molecule extends from residue 117 to residue 728 with the first four residues disordered. There are two disordered regions, between residues 361-373 and 414 -429 in all four molecules. Another disordered region between residues 211 and 215 is observed only in molecules b and c. The overall elliptical structure of BE has dimensions of 87.7 ϫ 42.6 ϫ 42.0 Å.
The structure of BE is organized into three domains: the COOH terminal, NH 2 -terminal, and (␣/␤) barrel (Fig. 2) . The COOH-terminal domain consists of 116 residues organized in seven ␤-strands. The NH 2 -terminal domain contains a ␤-sandwich fold, which was previously predicted by sequence analysis (1, 2, 32, 33 ). This NH 2 -terminal domain is composed of 128 residues arranged in seven ␤-strands. The central (␣/␤) barrel domain, common in members of the ␣-amylase family, extends from residue 241 to residue 612 comprising a total of 372 residues (Fig. 3) . This domain contains the residues involved in catalysis and presents a substrate binding cleft with dimensions of 30.5 ϫ 17.7 ϫ 17.7 Å, large enough to accommodate branched glucose chains.
Structural Differences among Members of the ␣-Amylase Family-The sequence similarity among the primary structure of members of the ␣-amylase family is very low, preserved only among the four regions that contain the conserved residues (Fig. 1) . X-ray structures of members of the family, however, showed the existence of a conserved barrel domain (6, 8, 9) . BE was the only member of the ␣-amylase family for which the three-dimensional structure was still unknown. Indeed BE has a central (␣/␤) barrel that contains the catalytic residues (Fig.  2) . This domain is similar to the (␣/␤) barrels of other members of the family. Also, the COOH-terminal domain of BE is structurally similar to the COOH termini of isoamylase and ␣-amylase, while the NH 2 -terminal ␤-sandwich domain of BE is similar to the NH 2 -terminal domain in isoamylase (5, 9) . Among the members of the ␣-amylase family, BE and isoamylase are the more structurally similar. Isoamylase and BE are the only members in the family that bind sugars in the ␣-1,6 position.
A complete (␣/␤) barrel should contain eight ␣-helices and eight ␤-strands. The (␣/␤) barrel domain in BE is missing H5, the ␣-helix between ␤-sheet number five (␤5) and six (␤6). This variation of the (␣/␤) barrel domain is also observed in isoamylase but not in other members of the family (9) . This barrel also has extra helices inserted; H1a, H3a, H6a, H7a, H7b, and H8a (Fig. 3) . The H1a helix, located between H1 and H2, is a one turn helix. The H6a helix positioned between H6 and ␤7 is a three turn helix. There are two loops connecting the domains in E. coli BE. The loop that connects the NH 2 -terminal domain to the (␣/␤) barrel is 18 residues long (223-240), and the loop joining the end of the (␣/␤) barrel to the COOH-terminal domain is 13 residues long (613-625). The elements of secondary structure are summarized in the amino acid sequence diagram of Fig. 3 .
There are marked differences between the loops connecting elements of secondary structure among members of the ␣-amylase family of enzymes, especially those that surround the active site. These loops might be responsible for the distinct catalytic properties between the enzymes. Comparison of the loop structures between members of the family revealed that BE has shorter loops, presenting a more open cavity for the binding of a bulkier sugar as is the case of a branched sugar. Overall BE has a more accessible cavity for sugar binding compared with CGT, isoamylase, and ␣-amylase. For example, the loop between ␤5/␤6 is extended in all the other members of the family. This extension of the loop will block the incoming sugar chain acceptor. Although isoamylase also has an extended loop here, it is moved away from the cavity in contrast to its position in CGT and ␣-amylase. There is another extended loop between ␤2/␣2 observed in all members of the family. There is also an extra domain of approximately 60 residues, named domain B, inserted in the barrel between ␤3 and ␣3. This domain is present in ␣-amylase, CGT, and isoamylase, but not in BE. Although in the BE structure there are 13 disordered residues in the loop between ␤3 and ␣3, this loop is only 40 residues long, not long enough to account for the complete B domain. Sequence analysis precludes any of the other branching enzymes from containing a B domain (Fig. 3) .
Based on primary structure analysis and the x-ray crystallographic structures of members of the amylolytic family of enzymes, seven conserved residues were defined: 4 . Superposition of the conserved residues from BE, isoamylase, ␣-amylase, and CGT not bound to substrate. Side by side stereoview. BE is shown in red, isoamylase in lavender, CGT in green, and ␣-amylase in blue.
FIG. 3.
A sequence alignment of branching enzymes from various organisms. Shaded residues indicate those that are identical to the E. coli sequence. Elements of secondary structure as elucidated in the x-ray structure appear above the alignment with cylinders representing helices and arrows representing ␤-strands. Elements of secondary structure are numbered by domain, with n-␤1 indicating the first ␤-strand in the NH 2 terminus for example. Elements of secondary structure in the catalytic domain are numbered based on the strands that make up the ␤-barrel. Residues that are conserved throughout the amylase family are shown with black spheres, and residues that are found to be close to acarbose in the BE/acarbose model but are not conserved in the family are shown by gray spheres. All of these residues are absolutely conserved among bacterial BE enzymes. Sequence alignment was performed using DNASTAR.
bering; Figs. 1 and 2) . It was established that these conserved residues are involved in catalysis and substrate binding. Upon analysis of the BE active site and after comparison with other members of the family, we noticed that although Asp 335 is conserved it does not make any contacts with the substrates in any of the bound structures. On the other hand Tyr 300 is not only conserved, but the equivalent residue also interacts with substrates and inhibitors in many of the enzyme complex structures (10, 11, 34, 35) . Fig. 4 shows the conserved residues and their relative orientation. Asp 335 appears to play a structural role by hydrogen bonding and thereby orienting both Arg 403 and Tyr 300 . The structures of BE, isoamylase, ␣-amylase, and CGT were overlaid, and the conserved residues were compared (Fig. 4) The change in position of these residues may be important for the type of reaction that BE catalyzes. We must await further studies of substrate bound BE to understand this difference in orientation.
Mutagenesis experiments performed on E. coli BE demonstrated that Glu 459 , which is either an Glu or Asp depending on the organism, is necessary for BE activity (15) . Inspection of the orientation of Glu 459 reveals that it is oriented away from the catalytic cavity interacting with the carboxylate of Thr 461 . This interaction holds the loop connecting ␤5 to ␤6 in position. This is important for properly orienting Glu 458 , which has an important role in BE catalysis.
Mutations in BE responsible for GSD IV are Val 273 , Tyr 306 , Tyr 377 , Gly 555 , and Lys 546 (E. coli numbering and Table V) . These residues are conserved in E. coli with the exception of Arg 524 in human BE, which is a glycine in E. coli BE. None of these residues are located within the catalytic cavity but are instead spread throughout the structure. These mutations, in addition to the deletions and truncations responsible for GSD IV, seem to play a structural role essential for maintaining protein stability. Protein-Sugar Interactions-Although acarbose, a pseudooligosaccharide resembling amylose with a linked hydroxymethylconduritol unit and a 4-amino-4-deoxy-D-chinovose residue extended by two glucose units, inhibits several of the enzymes in the amylase family, it does not inhibit BE (37) . However, another acarbose-like inhibitor, BAY e4609, is a reasonably potent inhibitor of BE (37) . BAY e4609 differs from acarbose only in that it has between 7 and 20 glucose units extending from each side of the hydroxymethylconduritol/chinovose unit. In fact, it is the longer chain derivatives that are the better inhibitors, indicating that BE requires longer oligosaccharides for competitive binding with substrate (37) . Nevertheless, since BAY e4609 does inhibit BE, it is likely that local binding The EPS calculation corresponds to 10 kT/e for the blue color, Ϫ10 kT/e for red, and an EPS ϳ0 is white, where 10 kT ϳ6 kcal/mol. EPS calculation and figure were made using GRASP (40) . Residues 311-379 Deletion ␣1a to ␣2 Lethal around the active site will strongly resemble that seen in the CGT and ␣-amylase-acarbose complex structures. Therefore an acarbose molecule was modeled into the BE active site by overlaying the conserved catalytic residues of various substrate bound members of the ␣-amylase family onto BE. Interestingly, when the acarbose oligosaccharide from Aspergillus oryzae ␣-amylase and Bacillus circulans CGT (10, 11) were modeled onto BE, collisions were observed between BE and the transferred side of the oligosaccharide (that is, the part of the oligosaccharide that remains covalently bound). However, the acarbose inhibitor from mammalian ␣-amylase (Protein Data Bank ID 1HXO) has a significant rotation and repositioning of the second sugar relative to the A. oryzae ␣-amylase and B. circulans CGT structures. This repositioning is manifested by a 52°c hange in the torsion angle defined by C3-C4-O1-C1, where C3 and C4 are from the previous sugar unit. This motion is caused by the conformation of the loop between residues 58 -62 (porcine pancreatic isoamylase numbering), especially the position of Trp 58 , which sterically interferes with the oligosaccharide trajectory seen in the A. oryzae ␣-amylase and B. circulans CGT structures and makes Van der Waals interactions with the glucose unit at position two. The equivalent loop in BE (298 -302) is in a similar conformation and results in Trp 298 of BE sterically colliding with the acarbose units of A. oryzae ␣-amylase and B. circulans CGT (Fig. 5) . On the other hand, no collisions are observed when the acarbose inhibitor of mammallian ␣-amylase is overlaid on the structure of BE (Fig. 5) . A similar steric clash is relieved by this rotation when the two conformations of oligosaccharides are modeled into the isoamylase structure. It would seem that there are two distinct binding modes for oligosaccharides depending upon the conformation of this loop and the residue at this position (Trp 298 ). The result is that the trajectory of the oligosaccharide is significantly different as it exits the active site, implicating a different surface of the molecule to be involved in binding the rest of the oligosaccharide chain. The roughly parallel orientation of the sugar rings is consistent with the production of a cyclic oligosaccharide in the case of CGT. The further mechanistic significance of these two conformations, however, is unclear in the absence of other data. The leaving group side of the oligosaccharide has the same conformation in all substrate-or inhibitor-bound ␣-amylases and CGT structures, and no collisions are seen in this part of the oligosaccharide when modeled into either the BE or isoamylase structures. The residues in BE that are predicted to be close to the oligosaccharide according to our modeling studies are All of these residues are absolutely conserved among bacterial BE sequences, although there is some deviation in eukaryotes (Fig.  3) . This may indicate some differences in sugar binding between bacterial and eukaryotic enzymes.
Electrostatic Potential Surface-An analysis of the surface charge distribution of BE was performed by the calculation of the electrostatic potential surface (EPS) (Fig. 6) . The overall surface of BE is quite electronegative, and the cavity formed in the (␣/␤) barrel domain is the most electronegative feature of the surface. This cavity contains four negatively charged residues: Asp 335 , Asp 405 , Glu 458 , and Asp 526 known to be involved in substrate binding and catalysis. The EPSs of ␣-amylase, CGT, and isoamylase were also calculated, and it was observed that all members of the ␣-amylase family present an overall negatively charged surface. The highly electronegative character of the (␣/␤) barrel domain in all four members of the family indicates that this negatively charged catalytic cavity is important for sugar protein interactions.
Mechanistic Implications-In a rather elegant set of crystallographic and biochemical experiments, a covalent intermediate was trapped in the active site of the CGT enzyme, and the structure of this covalent intermediate was determined (35) . This work, and work involving ␣-amylase (38) , confirmed that Asp 405 (E. coli BE numbering throughout) was indeed the nucleophile in the reaction and strongly implicated Glu 458 to be responsible for protonations and deprotonations necessary on the leaving group and attacking oxygen. Indeed the carboxylate oxygen of Glu 458 is quite close to the carboxylate oxygen of Asp 526 (2.6 Å) in CGT, indicating that Glu 458 may even exist in a protonated form in this enzyme. Although these residues are reasonably close in other enzymes of the family (3.7-4.1 Å), the distance seen in BE is quite long (5.6 Å). This is caused by a very different conformation of Glu 458 in BE relative to the other enzymes (Fig. 4) . While we expect that the mechanism of BE will be similar to that proposed for CGT in that Asp 405 will be the nucleophile in the formation of the covalent intermediate, there may be significant differences, especially in the treatment of the leaving group sugar and of the incoming nucleophilic sugar. This is not surprising given that while the cleavage occurs 1,4, the incoming nucleophile must be the 6-oxygen of the glucose moiety, which is distinct from CGT where both the leaving and entering oxygens are on the 4 position.
In the case of isoamylase and ␣-amylase a water molecule acts as the proton donor hydroxylating the C1 of the sugar. This brings up the question of what makes CGT and BE perform a transglycosylation reaction and not just a hydrolysis with a water molecule acting as the proton donor. A possible explanation for this could be that in isoamylase and ␣-amylase, a water molecule is sequestered and clamped in position. A comparison of the water molecules among members of the family does not provide conclusive information, as a water molecule in this region that would only be particular to the hydrolases was not observed. Another possible explanation would involve sequestration of the active site from water in the enzymes that are not hydrolyases. No such sequestering is evident in the structures, however, as both active sites appear quite accessible to solvent, especially BE. Another possible explanation would involve stabilization of the covalent intermediate relative to that of the hydrolytic enzymes, with a conformational change caused by the second substrate binding being required for the second step of the reaction to occur. Alternatively, substrate binding in BE could be cooperative, with binding significantly enhanced by binding of both substrates before attack and formation of the covalent intermediate. The substrate would then effectively block access to the active site by water. This mechanism is clearly not possible for CGT, as both substrates must occupy similar positions in the active site, since 1,4 cleavage is followed by 1,4 attack. Further structural and biochemical studies will be required to answer these questions.
